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Abstract 
In this paper a methodology is described to conduct temperature measurement on the cutting edges and the clearance faces on twist 
drills using a fibre optic two color pyrometer. Two measuring positions of the fibre were used in order to determine the temperature 
at two different locations, centre and outer corner of the drill. The measurements were carried out on a stationary work piece and a 
rotating drill. The work piece materials ranged from tool steel, aged Inconel 718, Ti6-4 to carbon epoxy fibre composite. All 
experiments were conducted in dry machining conditions 
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1. Introduction 
There is a strong trend in the aero engine industry 
towards reducing weight in the total engine structure. 
Together with increasing performance demands from the 
airlines, the objective is reduction of both emission and 
fuel consumption. To meet these demands the designers 
are introducing even more difficult material to machine, 
particularly in drilling operations. The surface integrity 
aspect of the material after machining is of specific 
importance with temperature playing an important role. 
In rotating components it is of extreme importance to 
consider any imperfections induced by machining 
operations. Temperature dominated tool wear is for 
many of the super alloys used in aero engine application 
the limiting factor for manufacturing productivity levels. 
Therefore temperature measurement in exactly defined 
locations holds the key to improvement, not only of tool 
life, but also component functional integrity. 
1.1. Temperature measurements 
The environmental conditions in drilling operations 
are extremely hostile for most types of sensors. The 
measurement needs to be conducted at the very tip of the 
drill, surrounded by hot chip flow. Frequently, cutting 
fluid that could be at a pressure of tens of MPa, is also a 
compounding factor. The temperature in material 
removal processes in general has been of interest for 
over 200 years. The earliest trace in literature is found in 
Count Rumford’s work regarding calorimetric 
measurement of temperature during brass cannon boring 
[1]. However it has been more frequently studied since 
F.W Taylor formulated his famous equation for 
predicting tool life in 1906 and the effect of cutting 
temperature on tool wear was more thoroughly 
understood [2]. Early temperature measurements were 
conducted using a sensor which required contact for heat 
transfer in order to work, e.g. thermocouples and 
resistance thermometers. This type of sensor is in fact 
measuring its own temperature thus requiring enough 
time for temperature equilibrium between the work piece 
and sensor to occur. From the 1930´s and onward has 
different kinds of thermometry and pyrometry have been 
investigated. In general such techniques enable higher 
sampling rates since it depends on heat radiation rather 
than equilibrium, although the accuracy is somewhat less 
than that of a thermocouple due to the complexities of 
emissivity. These techniques also require a free line of 
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sight from the work piece to the sensor [1]. In recent 
times the measurement of temperature has been 
investigated using IR radiation transmitted from the 
work piece by means of an optical fibre to the sensor. 
Particularly Ueda, Muller, Renz and recently Denkena 
have published significant work within this field [1, 3-7]. 
This approach has the benefit of not requiring a free line 
of sight from the work piece to the sensor. Different 
analytical and numerical approaches have been 
investigated with some success regarding predicting 
cutting temperatures such as described by Agapiou and 
Stephenson [8] although complete and accurate models 
have not yet been developed. 
2. Experimentals 
2.1. Two color pyrometry 
The pyrometer used in the experiments is a fibre optic 
two color ratio pyrometer such as described in a paper 
by Muller et al [4]. The main benefit of using a two 
color pyrometer is that the measured temperature, in 
theory, is not dependent on emissivity. In this system 
grey body assumption is used, which means that 
emissivity is dependent on wavelength only, not 
direction, temperature and surface structure etc. To 
achieve this, the two wavelength specific emissivity is 
multiplied using Planck’s law for black body radiation 
[1].  
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In Equation 1, r is the ratio between the temperature 
dependent signals. T is the temperature. λ1 and λ2 are 
the specific wavelengths. ε is the emissivity. Eλ,b is the 
spectral radiance of a black body. Since λ1 and λ2 are 
close to each other their respective emissivity is regarded 
to be the same therefore yielding a quotient of 1, 
resulting in Equation 2 where temperature does not 
depend on emissivity [1]. 
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The individual system with all components is then 
calibrated using a black body emitter with known 
temperature, relating the measured ratio (r) and the 
known temperature (T) with a third degree polynomial 
function. The accuracy of the system is specified to 5% 
for metallic surfaces. For levels close to zero of S1 and 
S2, that is temperatures below 200°C (which is specified 
as the lower temperature limit of the system) the 
measured temperature will oscillate between 0°C and 
values approaching infinity, since one signal is in the 
denominator of the ratio and close to zero generating 
high measurement errors. According to Stefan-
Boltzmanns law, the total emitted energy (q) is 
dependent on the temperature (T) with the power of 4, 
shown in Equation 3. 
4Tq HV  (3) 
The amplifiers in the system use a fixed gain setting 
for each measurement. However this gain setting has to 
be predetermined by a preliminary experimental run. 
This is due to the fact that the signal level may increase 
20 times at best before the system reaches overload, 
giving a measurable temperature increase of the fourth 
root of 20, that is roughly 2 times increase during one 
continuous measurement at best. This represents a 
limited dynamic range of the measurement technique. 
Other factors influencing signal level, such as variation 
in distance between the fibre and the heat source should 
therefore be limited to the minimum. 
2.2. Work piece materials 
Inconel 718 is still after 40 years regarded as a 
difficult to machine material and its successor Inconel 
718 plus is even more so. It is a very common super 
alloy in aero engines today. Ti6-4 is frequently used in 
the cold sections of the engine and shows difficulties to 
machine at high material removal rates since its 
propensity to create alpha-case at temperatures above 
482ºC. Carbon-epoxy composites will be introduced in 
containment structures in the future designs. This 
material exhibits excessive tool wear when machined. It 
is therefore of interest to compare temperatures to other 
materials in order to gain better understanding of the 
wear process that occurs in machining composite 
materials. In this paper tool steel (SS2244-4) was also 
investigated. Work pieces were billet shaped with 
straight milled sides for work holding purposes. A pilot 
hole of 1mm in diameter was cut by water jet and 
drilling to accommodate the optical fibre. Two different 
positions are evaluated, respectively 3 and 6 mm from 
the centre of the drill as shown in Figure 1. 
 
 
 
 
 
 
 
 
Fig. 1. Position of pilot hole in billet test specimen 
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2.3. Tools 
Two different solid carbide twist drills were used. A 
solid carbide tool for the metal alloys and a custom drill 
for machining composite materials, both drills were 
Ø12mm. A hydraulic chuck was used for rigid clamping. 
2.4. Experimental setup 
To address the inherent challenge of this technique of 
temperature measurement, namely the limited dynamic 
range of input signal level, the optical fibre should be 
positioned at a constant distance from the heat source. 
The fibre displacement therefore has to be synchronized 
with the feed of the drill to maintain a constant distance 
between the end of the fibre and the cutting edge of the 
drill. In Figure 2 it is shown how this has been 
accomplished by clamping the fibre below the work 
piece with a set of rigid linkages secured to a magnetic 
support on the spindle housing. The fibre is guided at the 
same speed as the rate of spindle displacement in the 
vertical direction, keeping distance d constant. 
 
 
Fig. 2. Setup for maintaining constant distance (d) between the drill 
and the optical fibre 
2.5. Design of experiments, DOE 
All experiments were conducted according to DOE 
methodology. Each experiment was carried out with two 
replicates (see table 1) 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Design of experiments overview 
Material Fibre 
position 
[mm] 
Cutting 
speed 
[m/min] 
Feed rate 
[mm/rev] 
Tool steel, SS2244-4 3 100 0.05 
Tool steel, SS2244-4 6 100 0.05 
Ti6-4 3 60 0.05 
Ti6-4 6 60 0.05 
Inconel 718 3 35 0.05 
Inconel 718 6 35 0.05 
Carbon fibre epoxy 6 250 0.03 
2.6. Data analysis methodology 
The experiments were conducted with two replicates 
each for steel, titanium and Inconel 718. In each data set 
approximately 5 seconds of drilling temperatures were 
recorded. Additionally, the temperature was measured at 
r = 3 (centre position) and r = 6 (corner position). 
 
For analysis, the data files are processed as follows: 
The threshold signal levels (Vsig1, Vsig2) are adjusted 
iteratively for each experiment to meet criteria of a 
standard deviation less than 15 and at least 20 data 
points for each half revolution of the drill to be replaced 
by averages of temperature. Similarly the first interval 
(half revolution of the drill) start is adjusted iteratively to 
yield the highest count of data points for each half 
revolution. As 200 000 records of data is typically 
collected in 10 sec experimental time, algorithmic 
computer analysis is required. In the following charts 
showing averaged temperatures as a function of time 
during which reliable data was captured in the 
experiments. 
 
For typical raw data regarding signal levels see figure 
3 and for typical raw data regarding temperature, figure 
4. 
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Fig. 3. Signal level, raw data 
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Fig. 4. Temperature, raw data 
3. Results 
Temperatures were measured in two intervals per 
revolution of the drill corresponding to the two cutting 
edges of the tool. The angle of the respective interval has 
been calculated by dividing the time during which 
temperature is measured by the time for one revolution 
and multiplying the ratio with 360°, in this case 55° on 
the outer edge. It is however not possible with the 
described method to, in an absolute way, orient the two 
intervals during which temperature is measured to the 
cutting edge, see figure 5. This was due to the fact that 
synchronization between the angular position of the 
cutting edges and the fibre could not be accomplished. 
 
 
 
 
 
 
 
 
 
Fig. 5. Interval angles during which temperature was measured 
3.1. Temperatures measured tool steel 
The temperatures measured for steel drilling at a 
radius of 3mm from the centre (r = 3) is shown in Figure 
6. 
 
 
 
 
 
 
 
 
Fig. 6. Temperatures of steel drilling at r = 3, vc = 100m/min, f = 
0.05mm/rev. 
 
 
Of the three replications only one displayed large 
enough continuous bands of adequate signal levels to 
warrant confidence in the data. Each data point in Figure 
6 represents the average of a standard deviation of less 
than 15 consisting of more than 20 temperature 
measurements each validated by an adequate signal with 
Vsig1>0.4V, Vsig2>0.45V. It can therefore be observed 
in this specific experiment that the temperature of the 
centre of the drill increased from just below 500°C and 
reached a steady state temperature of between 500 and 
550°C. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Drilling temperatures in steel r= 6, vc= 100m/min, f= 
0.05mm/rev. 
Of the three replications all were associated with 
larger than the default signal levels. The graph in Figure 
7 is plotted from the averages of interval data each 
representing a standard deviation of less than 15, 
calculated from more than 20 temperature measurements 
each with signals 1, 2 exceeding the respective values of 
0.6 and 0.75V. The experiment therefore indicates that 
the temperature of the outside edge of the drill (r = 6) 
varies between 500 and 550°C. 
3.2. Temperatures measured Titanium 
Six titanium samples were drilled three each at 3 and 
6mm radii from the center respectively. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Temperatures of Ti6-4 at r = 3, vc = 60m/min, f = 0.05mm/rev. 
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During the analysis of the temperatures at the centre 
(r=3) different signal level thresholds were required to 
be able to use the data. Replication 1 presents adequate 
signal levels of 0.4 and 0.45 for Vsig1 and Vsig2 
respectively. The criterion of a std deviation < 15 could 
be maintained but the minimum number data points in 
an interval to qualify for inclusion had to be reduced to 
15. Replication 2 presents more than the norm of 0.5V 
signal levels of 0.65 and 0.75V for Vsig1 and Vsig2 
respectively. The criterion of a std deviation < 15 could 
be maintained as well as the minimum number data 
points for inclusion at 20. Replication 3 presents 
considerably less than the norm of 0.5V signal levels of 
0.15 and 0.225V for Vsig1 and Vsig2 respectively. The 
criterion of a standard deviation(s) < 15 could not be 
maintained and was relaxed to s < 20. The criterion on 
the minimum number data points for inclusion could be 
maintained at 20 at the lower standard deviation level. 
This adaption of the analysis parameters clearly points 
towards reduced accuracy and as such the trend of a 
temperature of between 550 and 600°C of replicates 1 
and 2 should be taken as the reliable value. The values of 
repetition 3 still give a stable indication of the 
temperature, although at a 10 to 15 % lower value. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Temperatures of Ti6-4 at r = 6, vc = 60m/min, f = 0.05mm/rev. 
For the analysis of the temperature at the outer edge 
of the tool, drilling the titanium samples, good signal 
strengths are present enabling the setting of higher than 
default (0.5V) signal thresholds of 0.6 and 0.75 for 
Vsig1 and Vsig2 respectively for all replicates. The 
criterion of a std deviation < 15 is maintained but the 
minimum number data points in an interval to qualify for 
inclusion could be increased to 30. The effect of the 
higher signal levels is clearly visible in the three 
replications exhibiting a visually similar trend. During 
the experiment there is a continues increase in 
temperature, approximately 50°C to the end, reaching 
600°C in the later the 3 second interval. 
3.3. Temperatures measured Inconel 718 
The Inconel samples both at 3 and 6mm radii from 
the centre were drilled last to confine the possible effect 
of wear to the Inconel samples. At a cutting speed of 35 
m/min without coolant some wear is expected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Temperatures of Inconel 718 at r = 3, vc = 35m/min,      
f = 0.05mm/rev. 
The temperatures at the centre (r = 3) displayed a 
large difference in signal level as well as temperature. 
Replicate 1 presents more than adequate signal levels of 
0.6 and 0.75 for Vsig1 and Vsig2 respectively an 
conforms to the standard criteria of std deviation < 15 
and more than 20 data points in the sample. Replicate 2 
has similar signal strength and standard deviation but the 
minimum number data points in an interval had to be 
reduced to 15. Replication 3 presents extremely strong 
but high variability signal levels for which a threshold 
had to be set of 4V for both Vsig1 and Vsig2 to satisfy 
the standard deviation criterion. The std deviation < 15 
was achieved as well as the minimum number data 
points for inclusion at 20. Closer inspection of the data 
revealed that the signal levels in repetition 2 did not 
reduce to the usual order 0.02 V but remained above a 
minimum of 0.23 and 0.39 with a corresponding 
temperature of 410°C respectively. It is seems that the 
hole became blocked through plastic deformation. Each 
time the drill cutting edge passed the plastic deformed 
area it was reheated to approximately 500°C shown in 
figure 10, rep 2. In between the cutting edges the 
temperature was reduced to the order of 400°C. In 
detailed inspection of the data a saw tooth pattern in the 
temperature can be observed. The temperature rises 
rapidly to 500°C, and then gradually reduces to approx. 
400°C after which the cycle repeats. It is therefore 
concluded that the temperatures of repetition 1 is a better 
representation of the conditions at the drill tip with 
temperatures in the 550 – 600°C after a few seconds. 
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Fig. 11. Temperatures of Inconel 718 at r= 6, v = 35m/min, f= 
0.05mm/rev. 
Each point is an interval average with respectively for 
rep 1, 2: Vsig1>0.6V, Vsig2>0.75V, std dev<15, data 
pts >15 and for rep 3: Vsig1>4V, Vsig2>4V, std 
dev<15, data pts >20. 
3.4. Temperatures, carbon fibre epoxy composite 
The experiments were executed but no temperatures 
were registered during drilling of carbon epoxy fibre. 
This means that the temperature is below 200°C which is 
the lower limit of the two color fibre optic pyrometer. 
4. Conclusion 
The described method for measuring temperature on 
the cutting edge of the drill during drilling operations 
has been shown to be a method that can be used for 
investigating cutting edge temperatures for drilling 
operation. An overarching observation is that the tooth 
passing frequency matches the time between peaks in the 
signal level. However, it needs to be combined with 
substantial computer analysis to obtain reliable values.  
Thorough computer based data analysis is necessary 
with the described method since the data files are large 
in size and that invalid temperature data is measured 
when the signal level is low. This is due to the fact that 
the temperature is calculated from the ratio between the 
signals. Although different work piece materials and 
different cutting speed was used during the experiments, 
the results indicates that the difference in machinability 
and cutting data between different work piece material is 
reflected in temperature levels observed and can be 
partially determined using the described method. Carbon 
epoxy composite showed temperatures below 200°C and 
could thereby not be measured by the pyrometer. This 
would indicate that temperature is not the dominating 
factor for tool wear in Carbon epoxy composite 
materials.  
 
During the experiments the temperature seems to be 
more variant close to the centre of the drill. This could 
possibly by a more plastic chip formation process closer 
to the centre of the drill as function of reduced cutting 
velocity. Such plastic action could reshape the pilot hole 
for the fibre, thus reducing the area for radiation to reach 
the tip of the fibre. 
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